The mobilities of 24 potential metabolites of benzo [a] The widespread occurrence of benzo[a]pyrene (BP) as an environmental contaminant (1) and the carcinogenic effects of BP in experimental animals (2) have stimulated interest in this compound for some 40 years. This interest is manifested by numerous metabolic studies of BP both in vivo (3-9) and in vitro (10-17), the testing of BP and its metabolites for their carcinogenic and mutagenic potency (18, 19) , and binding studies of BP and its metabolites to nucleic acids and polynucleotides (15, (20) (21) (22) (23) . The growing evidence that arene oxides are ultimate carcinogens of polycyclic aromatic hydrocarbons (24, 25) , and the established intermediacy of arene oxides in the metabolism of several of these hydrocarbons (26) (27) (28) (29) , make a critical examination of the metabolism of BP imperative. Recent studies of BP metabolism in vitro have Abbreviations used: BP, benzo[a]pyrene; 1-HOBP, 1-hydroxybenzo[a]pyrene; 2-, 3-, 4-, 5-, 6-, 7-, 8-, 9-, 10-, 11-, and 12-HOBP, other BP phenols; BP 1,6-quinone, benzo[a]pyrene 1,6-quinone; BP 3,6-quinone, BP 4,5-quinone, BP 6,12-quinone, and BP 11,12-quinone, other BP quinones; BP 1,2-dihydrodiol, trans-1,2-dihydroxy-1,2-dihydrobenzo [alpyrene; BP 2, 4, 7, 9, [10] [11] other 
environmental contaminant (1) and the carcinogenic effects of BP in experimental animals (2) have stimulated interest in this compound for some 40 years. This interest is manifested by numerous metabolic studies of BP both in vivo (3) (4) (5) (6) (7) (8) (9) and in vitro (10) (11) (12) (13) (14) (15) (16) (17) , the testing of BP and its metabolites for their carcinogenic and mutagenic potency (18, 19) , and binding studies of BP and its metabolites to nucleic acids and polynucleotides (15, (20) (21) (22) (23) . The growing evidence that arene oxides are ultimate carcinogens of polycyclic aromatic hydrocarbons (24, 25) , and the established intermediacy of arene oxides in the metabolism of several of these hydrocarbons (26) (27) (28) (29) , make a critical examination of the metabolism of BP imperative. Recent studies of BP metabolism in vitro have led to the postulation of BP 4,5-oxide as an intermediate in rat liver microsomal systems (14) and in Syrian hamster liver microsomes (15) , but none of the studies have taken fully into account the multiple pathways for metabolism of BP ( (35), and 95 nmol of [14C]BP as above per 1.0 ml of incubation. The samples were agitated in diffuse light under air for 5 min at 37°. The reactions were terminated by vortexing for 30 sec after the addition of 1 ml of acetone and 2 ml of ethyl acetate.
More than 99% of the radioactivity was found in the organic phase after centrifugation. Analysis. Extracts from two identical incubations were pooled. Two. milliliter portions of the organic phase were taken from each flask and evaporated in a stream of nitrogen in the dark. After addition of 4-5 nmol of BP 4,5-, 7,8-, and 9,10-dihydrodiol, BP 3,6-quinone, 3-HOBP, and 9-HOBP as reference compounds, the residue was dissolved in 5-10 Ml of dioxane and injected onto the high pressure liquid chromatography (HPLC) column. Fractions were collected at 0.5-or 1.0-min intervals. Radioactivity was measured by scintillation spectrometry. HPLC was conducted on a DuPont 830 instrument equipped with a 254-nm photometer. Metabolites were Table 2 .
Results obtained from the microsomal and soluble systems were corrected for zero-time experiments analyzed as described above. The limit of detection of each metabolite fraction in this procedure was 0.01% of incubated BP.
RESULTS AND DISCUSSION
Chromatographic Properties of BP Metabolites. The HPLC procedure employed is highly efficient for separation and quantitation of phenols, quinones, and dihydrodiols produced from BP (Fig. 1) . It is apparent, however, that rigorous identification of individual components within each group will require further study, as evidenced by the co-chromatography for many of the reference compounds presently available. The 9,10-dihydrodiol separates readily from the three other reference dihydrodiols, which overlap. Structural assignment to the metabolic dihydrodiols cannot be made with certainty until the unknown 1,2-and 2,3-dihydrodiols are available, or until further spectroscopic criteria can be applied. Three of the five available quinones (1,6-, 3,6-, and 4,5-) emerge from the column as a single badly tailing peak. ently unknown. The phenols are well separated from the quinones. However, they separate into only two overlapping peaks, the first containing 2-, 6-, 8-, and 9-HOBP, and the second containing 1-, 3-, 4-, 5-, 7-, 10-, 11-, and 12-HOBP. A composite plot of the separation of the available standards is shown (Fig. 1A) .
Effect of Irtducers on Microsomal Metabolism of BP. The microsomnal mixed-function oxidase system is responsible for the detoxification, as well as the activation, of polycyclic hydrocarbons. Microsomal metabolism results in the formation of arene oxides, which are highly reactive metabolites that covalently bind to macromolecules and which are more Active than the parent hydrocarbon in causing malignant transformations of cultured cells. Treatment of animals with compounds which induce this enzyme system can result in either increased or decreased toxicity of the hydrocarbon. Quantitative differences between the activity of liver microsomes from control, phenobarbital-pretreated, and 3-methylcholanthrene-pretreated animals are seen in both the petcentage of metabolism and in the profile of metabolites formed (Table 3 polycyclic hydrocarbons. Studies with the solubilized and reconstituted monooxygenase system (34) showed that very low levels of diols 1, 2, and 3 were formed from BP in the absence of added epoxide hydrase (Table 4) . This is consistent with the negligible level of epoxide hydrase in the highly purified cytochrome P-448 (34, 35) . The results obtained from these incubations in the absence of epoxide hydrase showed the presence of a peak for quinone 2, which accounted for onequarter of the total quinones. On addition of epoxide hydrase to the system, diols 1, 2, and 3 appeared, while the radioactive peak in the region of BP 4,5-oxide and BP 6,12-and 11,12-quinone (quinone 2 fraction) was lost. Formation of diols 2 and 3 maximized with the addition of 72 units of partially purified epoxide hydrase, while further addition of this enzyme resulted in continued increase of diol 1. The total amount of phenols and quinone 2 fraction decreased in concert with increased production of dihydrodiols. These results suggest that the dihydrodiols and phenolic metabolites of BP share arene oxides as common precursors. The decrease in the quinone 2 fraction after the addition of epoxide hydrase may be principally due to hydration of BP 4,5-oxide that survives the conditions of incubation and chromatography. While the production of phenols was not completely blocked by addition of epoxide hydrase, metabolites in phenol peaks 1 and 2 were reduced by 85% and 45%, respectively. The data suggest that diol 1 is formed at the expense of both phenol 1 and 2, since only diol 1 continues to increase with increasing amounts of epoxide hydrase. The co-chromatography of the BP 9,10-dihydrodiol with diol 1, the 4,5-and 11,12-dihydrodiols with diol 2, and the 7,8-dihydrodiol with diol 3 suggests either that phenol 2 contains 10-HOBP, or that diol 1 is radiochemically heterogenous, containing either or both the BP 1,2-and 2,3-dihydrodiols. The latter dihydrodiols would be produced at the expense of 1-, 2-, and 3-HOBP (see Fig. 1A and Table 2 ). Preliminary isomerization studies of the 9,10-oxide (Table 2) have shown a preponderance of 9-HOBP under all conditions, and thus favor radiochemical heterogenicity in the diol 1 fraction. Addition of increasing amounts of epoxide hydrase does not result in a significant decrease in the total amount of quinone formed. Either the arene oxides that ultimately result in quinone production are not substantially hydrated, or a non-arene-oxide pathway to the metabolites in quinone 1 fraction pertains.
The activity of the reconstituted system (Exp. 4), measured radiochemically by phenol 2 production only, is about equivalent to the activity as measured by fluorimetry in terms of 3-HOBP (34) . The comparison calculated from phenol 2 alone fails to take into account fluorescent 2-and 9-HOBP, which appear in the phenol 1 fraction. When both phenol peaks are considered, total phenol production is higher than when measured by fluorimetry. Although the fluorimetric assay for metabolism of BP has provided an adequate assay for the production of fluorescent phenols, it is inadequate when attempting to critically correlate metabolism with cytotoxicity and carcinogenicity of BP, since it fails to differentiate between the various fluorescent phenols formed or to take into account the nonphenolic metabolites (80% in Exp. 7).
BP metabolism results have sometimes been misintepreted due to incomplete characterization of metabolites (11) (12) (13) . Despite an early warning by Berenblum and Schoental (37) , numerous mistakes in describing the metabolism of BP have been made through over-reliance on spectroscopic techniques such as fluorimetry, ultraviolet spectra, and even mass spectra, which provide limited structural information in the absence of adequate reference standards. Application of the techniques described in this paper, followed by additional chromatographic and spectroscopic methods involving the widest possible array of standards, should provide comprehensive and definitive answers to metabolic questions associated with BP.
